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Abstract: 
 
To emulate combined welding and brazing techniques, frequently used during the rejuvenation of turbine 
components, TIG and SWET weld overlays have been applied to the surfaces of a single crystal nickel-based 
alloy and subsequently overlain with braze and subjected to a typical brazing cycle heat treatment. Both 
welds comprised of columnar dendritic microstructures with an epitaxial [001] growth orientation near the 
substrate surface and equiaxed randomly oriented grains at the weld surface. While the TIG weld showed a 
sharp columnar to equiaxed transition, that for the SWET weld was diffuse and comprised colonies of 
columnar structures with their [001] misoriented to the epitaxial columnar directions as a result of shallower 
temperature gradients. Analysis of the microstructures of the brazed materials showed that the extents of 
boron penetration were significantly greater for the welds due to enhanced diffusion along grain boundaries 
between the equiaxed structures compared to  channel limited transport in the single crystal . A striking 
feature of the diffusion zone microstructures was the development of carbo-boride needles which formed by 
the reaction of boron, refractory metals and TaC. It is the release of Ta from TaC which stabilises ’ envelope 
formation around the needles. The post-brazed microstructures of TIG welds used in this study showed 
considerably fewer detrimental boride precipitates than brazed SWET welds and as a result are expected to 
show superior mechanical properties.       
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Introduction: 
 
During typical service life conditions, turbine components frequently undergo thermal mechanical 
fatigue cracking, compromising the mechanical integrity of the component [1,2]. As a result these 
components are typically repaired using a diffusion brazing process. Not only is diffusion brazing used for 
crack repair, it is also used to join different parts of static turbine components together[3,4]. A braze material 
doped with a Melting Point Depressant (MPD), typically boron, fills the crack or joint, and is isothermally 
solidified at temperature through the diffusion of the MPD from the braze into the substrate [5,6]. It is 
imperative that sufficient diffusion of boron occurs from the braze material into the substrate to prevent 
deleterious brittle eutectic boride phases forming [7]. Solid-state diffusion of boron into the substrate is 
controlled by numerous factors, including temperature, time, chemical potential between braze and 
substrate, and substrate microstructure [8,9]. 
The gamma prime (γ’) L12 strengthening phase Ni3(Al,Ti) makes some precipitation strengthened Ni-
based alloys difficult to weld [10]. Alloys with greater than 6 wt.% (Al + Ti) are reported to be susceptible to 
heat-affected zone cracking [11]. Although diffusion brazing of Ni-based precipitation-strengthened 
superalloys is preferred, welding is sometimes unavoidable. Welding of Ni-based superalloys is used to build-
up material after surface erosion, while tack welding is used when joining superalloy components to retain 
strict geometrical tolerances prior to diffusion braze repair [12]. Welding of Single Crystal (SX) substrates 
alters the microstructure, introducing grains and grain boundaries into the material, reducing high 
temperature mechanical properties [13]. Typical superalloy welding procedures include Tungsten Inert Gas 
(TIG) welding and a more complicated Superalloy Welding at Elevated Temperature (SWET) process. The 
SWET process involves welding a component that is pre-heated to a temperature greater than the alloy aging 
temperature. Not only does this lead to lower thermal gradients and slower cooling rates, but also the 
precipitation of γ’ is avoided during cooling of the weld, reportedly producing more ductile welds with better 
microstructures compared to TIG welding at room temperature [14].  
 
The rejuvenation of turbine vanes typically sees the combination of both welding and brazing 
technologies during repair. For example, a weld overlay can be applied to an eroded substrate, to which braze 
is subsequently applied to heal weld surface defects. Braze-weld interactions also occur during the joining of 
modular components such as airfoils and platforms during repair of turbine vanes. These components are 
often tack welded to retain geometrical tolerances prior to the application of braze which forms the joint. 
Individually, the application of welds and diffusion braze to Ni-based alloy substrates are well documented in 
literature, however, no work has yet been reported regarding the application of diffusion braze to welded 
substrates. This work sees the application of wide-gap braze to welded and non-welded substrates, which is 
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conducted in an endeavour to obtain information on the development and understanding of substrate 
microstructures. It has not been reported whether such procedures are detrimental or favourable to weld 
microstructures. Firstly, developments of weld microstructures are investigated for the two aforementioned 
welding techniques. Next, the ability of braze to heal weld surface defects, thus increasing component 
mechanical properties is next examined. Finally, detailed microstructural evaluations of braze diffusion-
affected zones are conducted, highlighting and characterising the development of detrimental phases, which 
have a deleterious effect on component microstructures. Methods of reducing these detrimental phases are 
also discussed, in a bid to increase expected component lifetime performance.  
 
Experimental procedure: 
The nominal compositions of the SX substrate and weld alloy metal are presented in Table 1. Cast, 
heat-treated SX Ni-based superalloy samples approximately 7(LT) x 9(ST) x 50(L) mm3 were used as the 
control substrate. Electron Back Scattered Diffraction (EBSD) showed that the normal to the surface to which 
welds and brazes were applied had a crystallographic direction of [001]. The surfaces to be welded or brazed 
were prepared to a 220-grit SiC paper finish. Ambient temperature TIG welds were produced at a deposition 
rate of approximately 1mm/s along the centreline length of the sample, while the SWET welds were laid as 
several discrete beads along the same line, at substrate temperatures above 1050˚C. Both weld types were 
fabricated by an operator using identical filler alloy and standard proprietary welding procedures. Welded 
and non-welded samples were subsequently cleaned in a proprietary fluoride ion cleaning cycle, after which, 
an even cap of braze paste was applied using pneumatically-controlled hypodermic syringes. Samples were 
then brazed in a proprietary 2-stage vacuum furnace cycle, reaching temperatures 1.1 times that of the low-
melt liquidus temperature. Three specimens were prepared for each sample type. The wide-gap braze used in 
this study was a 50H:50L ratio of high-melt (H) superalloy powder to boron-doped low-melt (L) braze 
powder (See Table 1 for nominal composition). The constituent braze powder was mixed in a three-axis 
tumbler for 30 minutes prior to the addition of a water-based binder, and transferring to a syringe.  
 
After processing, samples were sectioned perpendicular to the length of the sample using a liquid-
cooled high-speed abrasive cutting wheel. Sections were then hot-mounted in Bakelite and polished using SiC 
paper and a colloidal silica solution with a final particle size of 0.06µm using a Buehler VibroMet-2 vibratory 
polishing system. Samples were analysed using dark field light microscopy (Zeiss Axiscope optical 
microscope), while further analyses were conducted using a Hitachi SU-70 Scanning Electron Microscope 
(SEM), equipped with a backscattered electron detector, an Oxford Instruments Nordlys EBSD detector with 
HKL Channel 5 software, and an Oxford Instruments Energy Dispersive Spectrometer (EDS). The latter was 
used for chemical analyses of different phases observed in the specimens. The TEM analyses were carried out 
on a FIB-milled (FEI FIB-200) specimen, using a JEOL 2100f microscope equipped with an EDAX EDS 
detector.  
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Results: Substrate Characterisation 
 
A micrograph of the typical SX microstructure is presented in Figure 1(a). The microstructure of this 
as-received Ni-based sample shows an as-cast SX morphology, containing bright white interdendritic 
carbides which SEM-EDS showed as Ta-carbides. Away from these carbides, the dendrite region comprises of 
a highly ordered cuboidal γ’ precipitate embedded in an inter-precipitate Ni-based γ matrix as presented in 
Figure 1(b).  
 
A typical TIG weld cross-section can be seen in Figure 2(a). This weld type typically had a height of 
approximately 700µm above the substrate surface. The weld microstructure shows a largely unidirectional 
columnar structure. These columns grow perpendicular to the SX-weld interface, which is sharp in nature, in 
the [001] direction. EBSD was used to produce a Crystallographic Orientation Map (COM) across the weld-
substrate interface at the base of the weld seam, (see Figure 3(a)). From the COM, it can be confirmed that the 
columnar structure grows epitaxially from the weld-substrate interface in the [001] direction. Around the 
exterior of the weld bead, the columnar structure observed in Figure 2(a) is no longer visible, and is seen to 
change to an equiaxed grain structure (see Figure 2(b)). The COM in Figure 3(b) shows that these grains are 
randomly orientated. Such randomly orientated grains are often referred to as “stray grains” [16]. SEM-EDS 
analysis showed the bright inter-columnar phase to be a Ta-Hf-based carbide, the formation of this inter-
columnar carbide phase is due to partitioning effects of Ta, Hf and carbon to the liquid phase during 
solidification[17].  
 
Figure 4(a) presents a representative dark-field optical micrograph of the microstructure of a SWET weld 
bead. This shows a predominantly columnar structure stemming perpendicularly from a sharp SX-weld 
interface. SEM-EDS showed that the highly unidirectional structure is decorated with inter-columnar Hf-Ta-
based carbide precipitates. A key feature of all SWET weld beads was inter-columnar voiding at the crown of 
the weld bead, as presented in Figure 4(b). These cavities were largely open towards the top surface of the 
weld beads. EBSD analysis of a typical SWET bead is given in Figure 5. It can be seen from the COM for the 
weld-substrate interface that the weld bead material maintains a [001] growth orientation which is largely 
epitaxial with the SX substrate. Away from the weld-substrate interface, the weld contains clusters of 
dendritic columns with common crystallographic misorientations to the [001] direction up to 25˚. These 
become more apparent further away from this interface, as colour and greyscale contrasts indicate. At the 
exterior of the SWET weld, away from the inter-columnar voided regions, stray grains are observed, in 
common with the TIG weld process.  
 
  
Results: Braze Substrate Interaction 
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A cross-section microstructure of the 50H:50L braze applied to the SX substrate is shown in Figure 6(a). It is 
seen that the braze material consisted of a predominantly two-phase system of high-melt particles separated 
by networks of inter-particulate material which appears bright in contrast. SEM-EDS analysis showed that 
this bright phase was a Mo-rich boride, which is a direct indication of boron saturation of the inter high-melt 
particle region [6]. Since there is no Mo in the low-melt phase prior to brazing, the occurrence of these Mo-
rich borides can only be due to the direct reaction between high and low-melt constituents, and the stability 
of the Mo-rich boride. Similar bulk braze material microstructures were observed on the surfaces of both TIG 
and SWET welds.  
 
Differences were observed in the interaction zones between the braze material and all three substrate types. 
The braze material at the interface with the SX substrate consisted of rosette-shaped γ’ in a γ matrix. Along 
the interdiffusion zone, a semi-continuous bright film of boride precipitates was observed, as arrowed in 
Figure 6(b). SEM-EDS analysis of these particles showed the presence of Cr, as well as refractories Mo, W and 
Re. The presence of W and Re indicates substrate dissolution during the high-temperature brazing process. 
Beneath this discontinuous boride film, there is a thin layer of γ-γ’ containing coarse γ’ precipitates. This layer 
is free of discrete borides. The remaining braze Diffusion-Affected Zone (DAZ) consists of discrete, pearl-like 
boride precipitates, which have a diameters between 0.2 µm and 0.4 µm. These are scattered along γ matrix 
channels between γ’ precipitates, as clearly shown in Figure 6(c). The approximate precipitation depth of 
these particles was measured to be 130 µm from the braze-substrate interface, as indicated by vertical 
arrows in Figure 6(a). In addition to these pearl shaped precipitates, needle-like acicular structures also 
formed in the DAZ. These formed in close proximity to interdendritic Ta-carbides and were 0.1 µm to 0.3 µm 
thick, and up to 20 µm long, an example of such structures is presented in Figure 6(d). The round pearl-like 
boride precipitates were found to be rich in Mo, W and Re. The acicular phase also contained these refractory 
elements, but also contained significant carbon – indicating that such structures are refractory-rich carbo-
borides. Such structures have been reported elsewhere in the literature, where Pouranvari et al. observed 
such a phase to form in the braze diffusion zone of TLP bonded joint using MBF30 commercial braze with 
GTD-111 base alloy [18]. Interestingly, this phase was observed to be enveloped in γ’. Such microstructural 
features are known to act as stress raisers in the alloy, resulting in embrittlement [18].  
 
 
 
The interaction of the braze with the TIG and SWET weld microstructures showed differences to that 
of the SX substrate. For both weld types, the braze at the weld interface consisted of rosette-shaped γ’ 
embedded in a γ matrix, however, unlike the SX material, a semi-continuous boride film was not observed in 
the interdiffusion zone near the interface. Instead a dense scattered band of bright, coarse boride particles 
was observed, as presented in Figure 7(a). Figure 7(b) shows an overview of the DAZ in the TIG weld, clearly 
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indicating the formation of borides in the grain boundary regions of stray grains. These intergranular borides, 
illustrated in Figure 7(c) were rich in W, Mo and Cr. Due to the density and nature of the bright particles in 
the braze DAZs, it was more difficult to measure a maximum depth of discrete boride precipitation in the 
welded substrates. Nonetheless, for brazed TIG and SWET welds however, a maximum depth was 
respectively measured at 220µm and 250µm perpendicular to the braze-weld interface. Within the weld 
grains, fine trans-granular borides and acicular carbo-borides rich in Cr, Mo, W and trace amounts of Re were 
observed (Figure 7(d)). Figure 7(d) also shows the presence of Hf-Ta-rich carbides, formed during weld 
solidification. In contrast to the SX substrate, a much greater incidence of the carbo-boride acicular phase was 
observed in the braze weld microstructures. In an attempt to clarify the chemistry of this acicular phase, a 
brazed TIG welded sample was subjected to TEM-EDS X-ray analysis. These analyses confirmed that the 
acicular phase was rich in Cr, Mo, W and Re, and contained trace amounts of Ta, indicating the importance of 
interdendritic carbides in the formation of the acicular structures.  
 
The only significant difference between the brazed TIG welds and SWET welds, was the filling of the 
interdendritic cavities, as depicted in Figure 8(a). This representative micrograph is superimposed with the 
boundary between the braze material and the SWET weld bead, while atomic number contrasts clearly 
differentiate the surface braze from the SWET weld. The open cavities allowed for the penetration of liquid 
braze material into the SWET weld defects. Within the braze-filled voided region, a number of bright 
precipitates are observed. These phases are considerably brighter than the borides present in the surface 
braze material. SEM-EDS analysis confirmed these phases contained W, which is not present in the original 
braze mixture, indicating enrichment of liquid braze with base alloying elements through the dissolution of 
weld bead dendrites. At elevated temperatures, the liquid braze melt was drawn into the interdendritic 
voiding via capillary action. The gap size between the interdendritic voids was considerably smaller than the 
typical diameter of the high-melt particles in the braze mixture; allowing for only boron-containing liquid 
low-melt to be drawn into the voided region, dissolving the intricate micro-features in the process. EBSD 
analysis was conducted over this braze-filled void region, as presented in Figure 8(b). It can be seen that at 
the bottom of the void, braze material retains perfect epitaxy with the weld substrate. This epitaxial growth is 
as a result of isothermal solidification from the interior of the braze-filled voided region. Towards the exterior 
of the braze-filled void, the presence of misorientated grains is observed, while the surface braze shows a 
finer-grained structure with a high degree of misorientation due to the presence of randomly-orientated 
high-melt particles. These particles in the braze material remain largely unmelted during the brazing process, 
while also act as nucleation sites for braze solidifications [6]. 
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Discussion 
Weld Discussion 
The results obtained showed that both weld types comprised of epitaxial [001] orientated dendrite structures 
adjacent to the SX substrate and equiaxed randomly orientated or so-called stray grain at the weld surface. 
Similar microstructures have been reported for other welding techniques e.g. laser welding of CMSX-4[16, 19] 
and tungsten arc welding of a proprietary SX alloy [20]. Temperature gradient (G) and growth velocity (V) are 
the factors controlling the development of weld microstructures [21, 22, 23], with high G/V ratios resulting in 
epitaxial solidification of the weld, and low G/V ratios resulting in a preference to form misorientated grains. 
Unidirectional [001] dendritic microstructures are consistent with the easy or preferred growth direction for 
FCC materials along the maximum thermal gradient arising during welding [21]. Thus, the development of the 
epitaxial [001] orientated dendrite microstructures adjacent to the SX substrate might be expected as this is 
where the highest temperature gradients are and where G/V ratios are high. Due to similarities in 
microstructures, this must be the case for both TIG and SWET welds. The formation of stray grains at the 
weld surface is consistent with the lower G/V ratio expected to arise in the surface region of the weld pool 
[16, 24]. Thus, the oriented dendritic structure close to the substrate and randomly oriented equiaxed 
structure at the weld surfaces can be explained by the different G/V ratios experienced by both welds at these 
locations 
 
While TIG welds illustrated a sharp Columnar to Equiaxed Transition (CET), SWET welds showed a more 
diffused transition, with [001] orientated dendrite colonies misorientated to the [001] orientation of the 
initially formed dendrite structure adjacent to the SX substrate. Pollock and Murphy [25] noted similar 
microstructural features when discussing the solidification of Ni-based alloys at different cooling rates and 
clearly showed that when thermal gradients were large, then a sharp CET was observed. The greater G, and 
thus a steeper G/V ratio and faster cooling rate (G.V) expected for TIG welding would thus be expected to 
result in a sharp CET. The cooling rate for the SWET weld is less than for the TIG weld and this is justified by 
greater primary (10 µm for TIG and 15 µm for SWET in this study) and secondary dendrite arm spacings (4 
µm for TIG, 7 µm for SWET in this study). Thus, further extrapolating the experimental work of Pollock and 
Murphy [25] to weld microstructures, the lower G/V ratio and slower cooling rate associated with preheating 
the substrate prior to welding would be expected to facilitate the development of dendritic colonies with 
[001] misorientated to the [001] of the SX substrate. Accordingly, it can be concluded that it is the lower 
cooling rate that causes misorientated columnar structures and give rise to the diffuse CET.  
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Unlike TIG welds, all SWET welds exhibited inter-columnar voiding at the crown the welds. The location of 
this voiding indicates that it occurred while cooling, as a result of solidification shrinkage and thermal 
contraction. As the beads cool, solidifying columns grow from the SX-substrate-weld interface into the liquid 
region. As cooling continues, the solidifying weld contracts, drawing liquid metal into the inter-columnar 
sites. Upon final solidification at the crown of the weld, the inter-columnar sites become depleted of liquid 
metal, resulting in the formation of these inter-columnar shrinkage cavities [26]. 
 
Braze Discussion 
The depth of boride precipitation from the braze-substrate interface was used as a qualitative measure to 
determine the effect of boron diffusivity as a function of substrate type. For the 50H:50L braze material 
containing almost 7 at. % boron, the maximum depth of boride precipitation was measured at 130µm, 220µm 
and 250µm for the SX substrates, TIG welds and SWET welds respectively. To explain why the DAZ depth is 
considerably smaller in the SX substrate when compared to the welds, it is necessary to examine the 
substrate microstructures and DAZs with greater detail. Firstly, it is expected that the presence of the semi-
continuous boride phase at the braze-SX interface, which is not present a braze-weld interfaces, would 
somewhat restrict boron diffusion into the SX-substrate. Adding to this, the presence of discrete boride pearls 
filling the γ channels would further restrict boron diffusion. In addition to this, is reported that diffusion 
occurs more readily along grain boundaries than through the bulk lattice [15]. As a result, SX substrates have 
higher activation energies for isothermal solidification than polycrystalline superalloys [27]. It is expected 
that the lack of grain boundaries in the SX substrate will further restrict boron diffusion when compared to 
the likes of the TIG and SWET welds, which contain numerous grain boundaries along the outer surface. 
Beneath the surface stray grains in the TIG welds, the columnar microstructures are epitaxial to the SX 
substrate. These grain boundaries provide zones of higher diffusivity for boron, resulting in a greater 
diffusion flux until the epitaxial weld microstructure is reached [9, 15, 28]. EBSD and electron channelling of 
the SWET bead weld has also shown randomly orientated colonies of columns, separated high-angle grain 
boundaries. These boundaries act as long-range high-diffusivity paths, so it is expected that the diffusion of 
boron into the SWET weld is greater than that of the SX substrate and TIG weld. These findings concur with 
the other work conducted in the literature on the effect of grain size on MPD diffusion, which have shown that 
as the number of grain boundaries in a substrate increases, the diffusion of MPD into the substrate increases 
[9]. Thus, it can be concluded that the presence of grain boundaries in the welded substrates aid greater 
boron diffusion compared to SX substrates, resulting in deeper boride precipitation depths in the DAZs.  
 
 
The acicular phase in formed in the DAZ of the SX substrate was only observed to form near Ta-rich carbides, 
and was frequently embedded in a γ’ prime envelope. The formation of such a feature has been previously 
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observed in TLP bonded diffusion zones of Inconel 738LC [29], and GTD-111[30]. Mosallaee et al. discuss the 
formation of such an envelope [29], where for example Cr, Mo and W in γNi are depleted by boride formation, 
supposedly leading to the rejection of γ’-forming elements to the adjacent area around the borides. SEM-EDS 
of both the γ’ envelopes and γ’ away from the acicular phase showed an increase in Ta within the γ’ indicating 
that the reasoning of Mosallaee et al. [29] may not be entirely correct. This is because the acicular phase is 
observed to grow from the Ta-carbides, leading Ta to be rejected to the regions adjacent to the growing 
carbo-boride phase. As Ta acts as a γ’ former, the Ta enrichment of the region adjacent to the acicular phase 
promotes the formation of a ’ envelope. The mechanism of carbo-boride needle formation thus involves TaC 
reacting with solid solution elements to form carboborides and also releasing Ta which stabilises ’ allowing a 
’ envelope to form around the needles.  
 
 
The braze DAZs formed in both TIG and SWET welds contained a considerably higher occurrence of the γ’-
enveloped acicular phase than the SX substrate. This is probably associated with the fact that weld filler alloy 
contains more than 3 times the quantity of carbon as the SX substrate, causing considerably more carbides to 
be observed in the weld microstructures. As these needle-like carboborides induce brittleness and reduced 
creep strengths their formation is to be avoided. These detrimental acicular structures can be reduced in 
number, or entirely eliminated from by adequate heat treatments [29]. Alternatively, lower carbon contents 
of weld filler materials would have a similar result, as long as melting / filling characteristics could be 
maintained. Thus, the selection of adequate heat treatments or a weld filler alloy with a lower carbon content 
are two measured identified to reduce the formation of detrimental acicular carbo-borides.  
 
On the basis of the results reported in this study, the interaction of diffusion braze with welded 
microstructures produced discrete boride precipitates, an acicular carbo-boride phase, as well as a larger 
intergranular boride phase in both TIG and SWET weld types. With regard to the larger, intergranular boride 
phase, considerably more of this phase was observed in brazed SWET welds over brazed TIG welds, due to 
the greater volume of high-angle grain boundaries in the former brazed weld type. These larger borides are 
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considered more detrimental than discrete precipitates, and thus are expected to reduce the mechanical 
properties of the SWET weld microstructures. In also noteworthy that TIG welds contained considerably 
fewer stray grains and thus grain boundaries, which resulted in substantially less of these intergranular 
boride precipitates. Furthermore, the braze-filled voided regions in SWET welds contained large networks of 
eutectic borides (up to 200 µm in length), which act as a low-resistant path for crack initiation and 
propagation [31]. These kinds of brittle eutectic boride microconstituents were not observed in brazed TIG 
weld microstructures. From these observations, it is quite apparent that welding parameters not only affect 
the development of weld microstructures, but also impact on the kinetics of boron diffusion, and 
consequently the resulting DAZ microstructures. Thus, it can be concluded that for braze-weld integrations, 
microstructures of brazed TIG welds show a lower incidence of undesirable boride phase formation over 
brazed SWET welds, and thus are expected to have superior mechanical properties over the latter brazed 
weld type as a result.  
 
 
The development of surface braze microstructures will be dependant on two things: i) solution / reaction / 
solidification of the high melt and low melt particles and ii) diffusion of the MPD into the substrate. While the 
exterior layers of braze microstructures on SX and weld substrates are ostensibly similar, comprising 
solidified grains surrounded by continuous networks of Mo-based borides, the substrate interface 
microstructures differ. Thus, the SX interfacial microstructure contains a discontinuous boride layer (Figure 
6b) the weld – braze interfacial regions do not. Given that the diffusion depths of boron are nearly twice those 
for the SX, MPD diffusion into the substrate will reduce boron activities in the weld – braze interfacial regions 
such that discontinuous boride films do not form.  
 
 
The 50H:50L completely filled interdendritic voiding in the SWET weld beads and it was observed that liquid 
low-melt braze preferentially infiltrated the voided region, dissolving SWET weld dendrites and leaving high-
melt particles on surface of the weld. Furthermore, EBSD mapping showed that a large portion of the 50H:50L 
braze-filled voided region epitaxially solidified, retaining perfect epitaxy to the SWET weld bead. It is 
reported by Gale and Butts that epitaxial solidification of diffusion braze is affected by the interfacial tension 
between the solidifying material and the solid substrate, i.e. the SWET weld. As this tension approaches zero, 
epitaxial solidification is expected[5], as observed in the braze-filled voided region. Gale and Butts also state 
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that when composite brazes are used, i.e. braze which contain a non-melting high-melt constituent, an 
isothermally solidified braze non-epitaxial to the substrate will be formed[5]. 
 
The application of diffusion braze to welded components has exhibited both advantages and disadvantages. 
The positive outcomes of this procedure include the fact that weld surface defects which may form during 
deposition can be healed by diffusion brazing, thus increasing the expected mechanical properties of the 
component. It has also been shown that the polycrystalline surfaces of welds can also promote faster boron 
diffusion than equivalent SX substrate microstructures. On the basis that TaC promotes the formation of an 
embrittling acicular carbo-boride phase in the weld microstructures, two methods have been identified to 
reduce the propensity of this phase formation. Firstly, it is recommended that a lower carbon content in the 
weld filler alloy is used, to reduce the number of TaC sites for phase formation. Another method of 
eliminating such an undesirable phase is demonstrated in literature by using adequate heat treatments. It has 
been shown through brazing of IN738 using boron-doped BNi-2 braze, a similar boron-rich acicular phase 
formed [32]. This phase was successfully eliminated following a post-bond heat treatment at 1150˚C for 12 
hours [32].  
 
 
Conclusions 
On the basis of this work, the following conclusions are made: 
1. Oriented dendritic structures close to the SX substrate and randomly oriented equiaxed structure at 
the weld surfaces are due to the different G/V ratios experienced by both TIG and SWET welds at 
these locations. 
2. The lower cooling rates associated with SWET welding causes columnar structures to form, which 
are misorientated to the initial epitaxial orientation and give rise to a diffuse transition between 
columnar and equiaxed regions 
3. The presence of grain boundaries in the welded substrates aid greater boron diffusion compared to 
SX substrates, resulting in deeper boride precipitation depths in the DAZs.  
4. The mechanism of carbo-boride needle formation thus involves TaC reacting with solid solution 
elements to form carbo-borides and also releasing Ta which stabilises ’ allowing a ’ envelope to 
form around the needles. 
5. Due to the fact that TaC initiates the formation of the acicular carbo-boride phase, two measures 
identified for the reduction of this phase formation are the selection of adequate post-bond heat 
treatments or the utilisation of weld filler alloys with lower carbon contents. 
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5.6. For braze-weld interactions, microstructures of brazed TIG welds showed a lower incidence of 
undesirable boride phase formations compared to brazed SWET welds, and thus, are expected to 
have superior mechanical properties over the latter brazed weld type. 
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Table 1 Nominal weight percent and atomic percent compositions of all materials used in this study. 
 
Substrate Weld Alloy 50H:50L 
 
Wt. % At. % Wt. % At. % Wt. % At. % 
Ni 63.25 64.5 65 58.9 56.33 52.47 
Cr 7 8.18 6.6 7.88 16.5 17.35 
Co 7.5 7.62 11.81 12.28 10.5 9.74 
C 0.05 0.25 0.13 0.6 0.045 0.21 
Fe - - - - 2.5 2.45 
Ti - - - - 1.575 1.8 
Al 6.2 13.76 6.15 13.85 2.5 5.07 
Mo 1.5 0.94 1.38 1.26 4.875 2.78 
W 5 1.63 4.8 1.64 - - 
Ta 6.5 2.15 6 2 1.25 0.38 
Hf 0.05 0.02 1.5 0.51 2.5 0.77 
B - - 0.019 0.08 1.375 6.96 
Re 3 0.96 3 0.97 - - 
Y - - - - 0.05 0.03 
 
 
 
 
 
 
Figure 1 Backscattered electron micrographs of (a) [012] interdentritic microstructure of SX 
control substrate, (b) γ’ precipitates in the γ matrix of the SX substrate in [100] plane.  
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Figure 2 (a) Dark field optical micrograph of room temperature TIG weld microstructure showing 
equiaxed substrate dendrites and columnar dendrites in weld bead, (b) Backscattered electron 
micrograph of TIG weld equiaxed microstructure at crown of weld. 
 
 
 
 
 
 
 
Figure 3 Electron backscattered diffraction crystal orientation mapping of TIG weld on SX 
substrate at (a) columnar weld zone at interface between weld (on left) and substrate (on right), 
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(b) 50µm below weld crown exterior surface showing randomly orientated grains, (c) COM 
inverse pole figure triangle in z-direction. 
 
Figure 4 (a) Dark field optical micrograph of columnar microstructure of SWET weld, (b) 
Backscattered electron micrograph of interdendritic voiding (black) in crown of SWET weld 
 
Figure 5 Secondary electron SEM image with three EBSD Crystal Orientation maps superimposed, 
highlighting the stray grain formation in the SWET weld. See Figure 3(c) for inverse pole figure 
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Figure 6 Backscattered electron micrographs of (a) 50H:50L braze on non-welded SX substrate; 
(b) Interface between braze and substrate, showing discrete boride particles in SX substrate and 
Re-containing borides in the interdiffusion zone (arrowed); (c) braze DAZ in SX substrate 
containing discrete borides within the gamma channels; (d) acicular carbo-boride precipitates in 
SX DAZ. 
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Figure 7 BSE micrographs of (a) 50H:50L braze-weld interaction for TIG welds, (b) braze DAZ in 
TIG weld, (c) Intergranular boride precipitates in TIG weld. (d) Acicular carbo-borides, discrete 
borides, and Ta-based carbides in braze DAZ 
 
 
 
Figure 8 (a) BSE micrograph of 50H:50L braze-weld interaction in voided zone of SWET weld bead 
highlighting braze-weld boundary, (b) EBSD crystallographic orientation map overlaid on BSE 
micrograph highlighting braze-weld boundary. See Figure 3(c) for inverse pole figure 
 
